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HIGHLIGHTS 


►  A  dye-sensitized  solar  cell  (DSSC) 
was  fabricated  with  a  novel  2,7- 
Diaminofluorene-based  organic  dye 
(JD2). 

►  Ti02  film  thickness,  dye-soaking 
times,  coadsorbate  and  additives  in 
electrolytes  are  investigated  for  JD2- 
sensitized  DSSCs. 

►  The  optimized  DSSC  shows  an  effi¬ 
ciency  of  6.31%,  which  is  competi¬ 
tive  to  that  of  the  D149-sensitized 
cell  (7.01%). 

►  The  incident  photon-to-current 
conversion  efficiency  is  much 
higher  in  shorter  wavelength  range 
of  a  JD2-sensitized  DSSC. 

►  The  longer  electron  lifetime  of 
a  JD2-sensitized  DSSC  is  in  consis¬ 
tency  with  its  higher  Voc. 
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A  novel  2,7-diaminofluorene-based  organic  dye  (coded  as  JD2)  with  the  diarylaminofluorene  unit  as  the 
electron  donor  and  the  cyanoacrylic  acid  as  the  acceptor  as  well  as  anchoring  group  in  a  donor-Tt-donor- 
Tt-acceptor  architecture  is  used  in  a  dye-sensitized  solar  cell  (DSSC).  The  Ti02  film  thickness  and  the  dye 
soaking  time  are  optimized,  and  a  coadsorbate  of  bis-(3,3-dimethyl-butyl)-phosphinic  acid  (DINHOP)  is 
added  to  the  dye  solution  to  reform  the  cell  performance.  Effects  of  the  additives,  N-methyl- 
benzimidazole  (NMBI),  guanidinium  thiocyanate  (GuSCN)  or  4-tert-butylpyridine  (TBP)  in  the  electrolyte 
on  the  photovoltaic  performance  of  the  DSSC  are  studied.  Effects  of  change  of  DINHOP  concentration  in 
JD2  dye  solution,  change  of  ratio  of  Lil  to  l,2-dimethyl-3-propylimidazolium  iodide  (DMPII),  and  change 
of  concentration  of  I2  in  the  electrolyte  on  the  photovoltaic  performance  of  the  DSSC  are  studied.  A  light- 
to-electricity  conversion  efficiency  (77)  of  6.31%  is  achieved  for  the  JD2  dye-based  DSSC,  which  is  one  of 
the  best  efficiencies  for  a  cell  with  an  organic  dye.  Explanations  are  made  with  electrochemical 
impedance  spectra  (EIS),  laser-induced  photo-voltage  transients,  and  incident  photo-to-current 
conversion  efficiency  (IPCE)  curves. 
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1.  Introduction 

Dye-sensitized  solar  cells  (DSSCs)  have  attracted  considerable 
scientific  and  industrial  interest,  as  promising  candidates  for 
renewable  energy  source,  during  the  past  two  decades  [1,2].  DSSCs 
based  on  Ru(II)-polypyridyl  complexes,  e.g.,  N3  [3],  N719  [4],  black 
dye  [5],  CYC-B11  [6]  etc,  as  photosensitizers  have  attained  high 
light-to-electricity  conversion  efficiencies  ( rj )  under  AM  1.5  illu¬ 
mination  condition.  They  are  economically  feasible  alternatives  to 
conventional  inorganic  photovoltaic  devices  [7,8].  Recently  much 
attention  is  paid  on  the  DSSCs  with  metal-free  organic  dyes, 
because  of  their  low  cost  and  simple  production  possibilities,  high 
extinction  coefficients  of  their  dyes,  and  facile  molecular  design  of 
the  dyes.  Recently,  novel  organic  dyes  based  on  porphyrin  [9,10], 
perylene  [11,12],  cyanine  [13,14],  xanthenes  [15,16],  merocyanine 
[17,18],  coumarin  [19,20],  hemicyanine  [21,22],  indoline  [23], 
diketopyrrolopyrrole  [24,25],  and  ethylenedioxythiophene  [26] 
have  been  investigated  for  DSSCs,  and  significant  progress  has 
been  made  in  this  field.  It  is  well  known  that  the  open-circuit 
voltage  (Voc)  °f  a  DSSC  is  an  important  factor  for  the  power 
conversion  efficiency  of  the  cell.  Charge  recombination  processes  of 
injected  electrons  with  I3~  ions  in  the  electrolyte  [27,28]  and  with 
oxidized  dye  [29]  are  considered  to  be  responsible  for  a  low  value  of 
the  Voc;  the  value  of  Voc  of  a  DSSC  is  presently  far  below  than  the 
theoretical  maximum  value  [30].  A  novel  organic  dye,  (E)-2-cyano- 
3-(4-((9,9-diethyl-7-(naphthalene-l-yl(phenyl)amino)-9H-fluo- 
ren-2-yl)(naphthalen-l-yl)amino)phenyl)acrylic  acid  (JD2)  was 
recently  reported;  the  dye  had  the  diarylaminofluorene  unit  as  the 
electron  donor  and  cyanoacrylic  acid  as  the  acceptor  with 
anchoring  group  in  a  donor- Tu-donor-rr-acceptor  architecture  [31  ]. 
Fig.  1  illustrates  the  structures  of  JD2  and  D149  dyes,  which  is  a  very 
promising  all-organic  sensitizer  for  DSSCs,  attracting  a  continu¬ 
ously  growing  interest  as  an  alternative  system  to  the  commonly 
used  Ru  dye  [32]. 

The  JD2  dye  contains  2,7-fluorenediamine  which  acts  as 
a  cascade  donor  system.  The  presence  of  the  additional  donor  in  the 
molecule  is  expected  to  impact  the  electronic  properties  of  the  dye 
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in  two  ways.  One  way  is  its  presence  lowers  the  HOMO  and  thereby 
increases  the  chances  of  dye  regeneration,  and  the  other  way  is  that 
its  presence  makes  the  strong  visible  region  absorption  of  JD2 
complementary  to  that  of  D149,  which  occurs  at  longer  wavelength 
region  (>500  nm). 

In  this  study,  the  performance  of  DSSCs  sensitized  with  JD2  dye 
is  investigated.  The  thickness  of  the  Ti02  film  in  the  DSSC  was 
controlled,  by  taking  into  consideration  the  surface  area  of  the  film 
and  the  electron  transport  length  in  the  film.  The  dye  soaking  time 
was  also  optimized.  A  coadsorbate  was  also  included  in  the  dye 
solution,  in  order  to  reduce  the  recombination  current,  and  its 
concentration  was  optimized.  Finally,  effects  of  the  additives,  N- 
methylbenzimidazole  (NMBI),  guanidinium  thiocyanate  (GuSCN) 
or  4-tert-butylpyridine  (TBP)  in  the  electrolyte  on  the  photovoltaic 
performance  of  the  DSSC  were  studied.  With  the  additive  of  TBP, 
the  Voc  has  been  improved.  The  concentration  ratio  of  Lil  and  DMPII 
and  the  amount  of  I2  in  the  electrolyte  were  also  optimized.  The 
best  cell  efficiency  of  6.31%  was  therefore  achieved,  with  a  refer¬ 
ence  efficiency  of  7.01  %  for  a  DSSC  with  D149  dye,  which  is  the  most 
commonly  used  organic  dye  in  DSSCs.  Electrochemical  impedance 
spectroscopy  (EIS),  incident  photon-to-current  conversion  effi¬ 
ciency  (IPCE)  curves,  and  laser-induced  photo-voltage  transients 
were  employed  to  substantiate  the  explanations. 

2.  Experimental 

Lithium  iodide  (Lil,  synthetical  grade),  iodine  (I2,  synthetical 
grade),  and  polyethylene  glycol)  (PEG,  M.W.  ~  20,000)  were 
obtained  from  Merck.  N-methylbenzimidazole  (NMBI,  99%),  4-tert- 
butylpyridine  (TBP,  96%),  guanidinium  thiocyanate  (GuSCN,  99%), 
and  tert-butyl  alcohol  (tBA,  96%)  were  obtained  from  Acros.  Tita¬ 
nium  tetraisopropoxide  (TTIP,  >98%),  2-methoxyethanol  (>99.5%), 
neutral  cleaner,  and  isopropyl  alcohol  (IPA,  99.5%)  were  obtained 
from  Aldrich.  3-methoxypropionitrile  (MPN,  99%)  was  obtained 
from  Fluka.  Acetonitrile  (99.99%)  and  nitric  acid  (ca.  65%  in  water) 
were  obtained  from  J.T.  Baker.  l,2-dimethyl-3-propylimidazolium 
iodide  (DMPII  >  99.5%)  was  obtained  from  Solaronix.  Bis-(3,3- 
dimethyl-butyl)-phosphinic  acid  (DINHOP)  was  obtained  from 
Dyesol. 

TTIP  (72  ml)  was  added  to  0.1  M  nitric  acid  aqueous  solution 
(430  ml)  with  constant  stirring  and  simultaneous  heating  to  85  °C 
for  8  h.  When  the  mixture  was  cooled  down  to  room  temperature, 
the  resultant  colloid  was  transferred  to  an  autoclave  (PARR  4540, 
U.S.A.)  and  then  heated  at  240  °C  for  12  h  to  allow  a  uniform  growth 
of  TiC>2  particles  (ca.  20  nm).  Consequently,  the  Ti02  colloid  was 
concentrated  to  10  wt%.  First  type  of  the  Ti02  paste  (for  a  trans¬ 
parent  layer)  was  prepared  by  adding  25  wt%  PEG  (with  respect  to 
the  TiC>2  with  particle  size  of  20  nm)  to  the  above  solution.  The 
purpose  on  the  addition  of  PEG  was  to  control  the  pore  diameters 
and  prevent  the  film  from  cracking  during  a  drying  process.  On  the 
other  hand,  the  second  type  of  the  TO2  paste  (for  a  scattering  layer) 
was  made  by  incorporating  in  the  above  solution  50  wt%  of  light 
scattering  Ti02  particles  (PT-501  A,  100  nm,  Ya  Chung  Industrial  Co. 
Ltd.,  Taiwan)  with  respect  to  normal  Ti02  with  particles  size  of 
20  nm.  The  second  type  of  TO2  paste  was  used  to  reduce  the  light 
loss  by  back  scattering.  Fluorine-doped  Sn02  (FTO,  TEC-7, 
~10  Q  sq-1,  NSG  America,  Inc.,  NJ,  USA)  and  tin-doped  ln303 
(ITO,  UR-IT0007-0.7  mm,  ~10  Q  sq-1,  Uni-onward  Corp.,  Taipei, 
Taiwan)  conducting  glasses  were  first  cleaned  with  a  neutral 
cleaner  and  then  washed  with  deionic  water  (Di-water),  acetone 
and  isopropanol,  sequentially.  The  conducting  surface  of  the  FTO 
was  treated  with  a  solution  of  TTIP  in  2-methoxyethanol  (weight 
ratio  of  1:3)  to  obtain  a  good  mechanical  contact  between  the 
conducting  glass  and  the  Ti02  film,  and  to  isolate  the  conducting 
glass  surface  from  the  electrolyte  as  well.  A  10  pm  thick  Ti02  film 
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was  coated  on  the  treated  FTO  glass  by  doctor  blade  method,  and 
a  portion  of  0.4  x  4  cm2  was  selected  for  active  area  by  scrapping 
the  side  portions.  The  as-prepared  Ti02  film  was  gradually  heated 
to  450  °C  in  an  oxygen  atmosphere,  and  subsequently  sintered  for 
30  min.  After  annealing  and  cooling  to  80  °C,  the  Ti02/FT0  photo¬ 
anode  was  immersed  in  a  solution  with  3  x  0”4  M  (E)-2-cyano-3- 
(4-((9,9-diethyl-7-(naphthalen-l-yl(phenyl)amino)-9H-fluoren-2- 
yl)(naphthalen-l-yl)amino)phenyl)acrylic  acid  (JD2)  [31]  in 

a  mixture  of  acetonitrile  and  tert-butyl  alcohol  (volume  ratio  of 
1 : 1 ),  at  room  temperature.  The  counter  electrode  (CE)  was  prepared 
by  sputtering  Pt  on  an  ITO  substrate  (ITO,  UR-IT0007-0.7  mm,  Uni- 
onward  Corp.,  Taiwan,  10  Q  sq.”1)  which  was  first  cleaned  with 
a  neutral  cleaner,  and  then  washed  with  Di-water,  acetone  and  IPA, 
sequentially.  The  two  electrodes  were  separated  by  a  60  pm  thick 
gasket  made  of  ionomer  Surlyn  (SX1170-25,  Solaronix  S.A., 
Aubonne,  Switzerland)  and  then  sealed  by  heating.  The  electrolyte 
was  injected  into  the  gap  between  the  electrodes  by  capillarity. 

The  DSSC  was  illuminated  by  a  class  A  quality  solar  simulator 
(XES-301S,  AM1.5G,  San-Ei  Electric  Co.,  Ltd.,  Osaka,  Japan)  and  the 
incident  light  intensity  (100  mW  cm-2)  was  calibrated  with  a  stan¬ 
dard  Si  Cell  (PECSI01,  Peccell  Technologies,  Inc.).  The  photo¬ 
electrochemical  characteristics  of  the  DSSC  were  recorded  with 
a  potentiostat/galvanostat  (PGSTAT  30,  Autolab,  Eco-Chemie,  the 
Netherlands).  Electrochemical  impedance  spectra  (EIS)  were 
obtained  by  the  above-mentioned  potentiostat/galvanostat  equip¬ 
ped  with  an  FRA2  module  under  a  constant  light  illumination  of 
100  mW  cm”2.  The  frequency  range  explored  was  10  mHz-65  kHz. 
The  bias  voltage  was  set  at  the  open-circuit  voltage  of  the  DSSC, 
between  the  Pt-CE  and  the  dye/Ti02/FTO  photoanode,  starting  from 
the  short-circuit  condition;  the  corresponding  ac  amplitude  was 
10  mV.  The  impedance  spectra  were  analyzed  using  an  equivalent 
circuit  model  [33,34].  Pulsed  laser  excitation  was  applied  by 
a  frequency-doubled  Q-switched  Nd:YAG  laser  (model  Quanta-Ray 
GCR-3-10,  Spectra-Physics  Laser)  with  a  2  Hz  repetition  rate  at 
532  nm,  and  a  7  ns  pulse  width  at  half-height.  The  average  electron 
lifetime  could  approximately  be  estimated  by  fitting  a  decay  of  the 
open-circuit  potential  transient  with  exp  (-t  Te1),  where  t  is  the 
time  and  Te  is  an  average  time  constant  before  recombination. 
Incident  photo-to-current  conversion  efficiency  (IPCE)  curves  were 
obtained  at  the  short-circuit  condition.  The  light  source  was  a  class  A 
quality  solar  simulator  (PEC-L11,  AM1.5G,  Peccell  Technologies, 
Inc.);  light  was  focused  through  a  monochromator  (Oriel  Instru¬ 
ment,  model  74,100)  onto  the  photovoltaic  cell. 

3.  Results  and  discussion 

3.1.  Optimization  ofTi02film  thicknesses 

The  preparation  of  the  Ti02  film  was  optimized  to  elicit  high 
photovoltaic  performance  from  the  DSSC.  The  thickness  of  the  Ti02 
film  is  one  of  the  important  factors  to  dominantly  affect  the 
performance  of  a  DSSC.  The  photovoltaic  performance  of  the  DSSCs 
with  Ti02  films  having  thicknesses  of  6, 12, 18  and  24  pm  are  shown 
in  Fig.  2(a),  and  the  corresponding  parameters  are  listed  in  Table  1. 
An  increase  in  the  cell  efficiency  ( r\ )  from  4.32%  to  5.28%  can  be 
noticed  for  the  DSSC,  when  the  thickness  of  Ti02  film  is  increased 
from  6  to  12  pm;  further  increases  in  the  Ti02  film  thickness,  i.e.,  to 
18  and  24  pm  cause  decreases  in  the  efficiency  to  4.38%  and  3.81%, 
respectively.  It  is  generally  believed  that  thicker  Ti02  films  can 
provide  more  dye  molecules  to  adsorb  on  them  [35,36].  The  results 
indicate  that  the  diffusion  length  of  photo-excited  electrons  trav¬ 
eling  in  the  Ti02  particle  network  is  limited  to  less  than  around 
12  pm.  The  electron  transporting  length  becomes  longer  with 
thicker  Ti02  films,  i.e.,  18  and  24  pm  in  this  case,  which  may  cause 
a  higher  probability  of  recombination;  as  a  result,  the  Jsc  decreases 
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Fig.  2.  (a)  Photocurrent  density-voltage  characteristics,  (b)  EIS  spectra  of  the  DSSCs 
with  Ti02  films  of  different  thicknesses,  measured  at  100  mW  cm  2  light  intensity,  and 
(c)  EIS  spectra  of  the  DSSCs  with  Ti02  films  of  different  thicknesses,  measured  in  dark. 

with  further  increase  in  the  thickness  of  the  TiC>2  film.  Thicker  TiC>2 
films  show  decreases  in  Voc  for  the  pertinent  DSSCs,  which  could  be 
attributed  to  increasing  probability  of  recombination,  owing  to  the 
longer  electron  transporting  path.  The  fill  factor  (FF)  decreases  with 
increasing  thickness  of  the  Ti02  film  as  well,  due  to  the  larger  series 
resistance  in  the  thicker  TiC>2  film  [37].  The  results  are  consistent 
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Table  1 

Photovoltaic  parameters  of  the  DSSCs  with  Ti02  films  of  different  thicknesses, 
measured  at  100  mW  cirr2  light  intensity.  The  table  also  shows  the  corresponding 
values  of  the  charge  transfer  resistance,  Rct2. 


Thickness/|im 

Voc/V 

Jsc/mA  cm  2 

FF 

7](%) 

JWO 

i^ct2/0 

6 

0.67 

9.38 

0.70 

4.32 

4.22 

25.56 

12 

0.66 

11.35 

0.72 

5.28 

4.81 

21.67 

18 

0.64 

9.75 

0.69 

4.38 

4.11 

24.27 

24 

0.62 

9.74 

0.63 

3.81 

4.19 

27.46 

with  those  in  our  previous  report  [36].  EIS  technique  was  used  to 
characterize  the  charge  transfer  resistances  of  the  cells.  Fig.  2(b) 
shows  the  Nyquist  plots  of  electrochemical  impedance  spectra  (EIS) 
spectra  of  the  DSSCs  with  different  thicknesses  of  Ti02  film, 
measured  under  illumination,  and  the  equivalent  circuit  is  shown 
in  the  inset  of  the  figure.  The  ohmic  serial  resistance  (R$)  in  the 
equivalent  circuit  corresponds  to  the  overall  series  resistance.  In 
general,  the  impedance  spectrum  of  a  DSSC,  measured  under  illu¬ 
mination,  shows  three  semicircles  in  the  frequency  range  of 
10  mHz-65  kHz.  The  first  semicircle  {Rc ti)  represents  the  charge 
transfer  resistances  at  the  counter  electrode  and  the  electrolyte, 
at  the  electrical  contact  between  the  conductive  substrate  and 
Ti02  film,  and  among  the  TiC>2  particles  [38-40].  The  second 
semicircle  {Rc a)  corresponds  to  the  charge  transfer  resistance  at  the 
interface  between  Ti02/dye/electrolyte.  The  third  semicircle  in  the 
low  frequency  range  (1-0.01  Hz)  represents  the  impedance  asso¬ 
ciated  with  the  Warburg  diffusion  process  of  I- /I3—  in  the  elec¬ 
trolyte  (Zw).  The  values  of  Rct i  and  Rct 2  are  shown  in  Table  1.  The 
values  of  Rct  1  for  all  the  cases  vary  to  a  small  extent,  indicating 
similar  charge  transfer  resistances  at  the  counter  electrode  and  the 
electrolyte,  at  the  electrical  contact  between  the  conductive 
substrate  and  TO2  film,  and  among  the  Ti02  particles  [38-40].  The 
Rct2  values  increase  with  increasing  thickness  of  Ti02  film  above 
12  pm,  resulting  in  reduced  performances  of  the  DSSCs  with  thicker 
Ti02  films,  i.e .,  thicker  than  12  pm.  We  have  also  measured  the  EIS  at 
an  applied  bias  of -0.80  V  in  the  dark  to  elucidate  the  correlation  of 
electron  transport  with  different  thicknesses  of  Ti02.  In  these  cells 
operated  in  dark,  electrons  transport  through  the  mesoporous  TO2, 
and  E  is  oxidized  to  I3_  at  the  counter  electrode  at  the  same  time 
[41].  Fig.  2(c)  shows  the  Nyquist  plots  of  the  DSSCs  with  different 
thicknesses  of  TiC>2  films,  obtained  in  dark.  The  largest  circles  at  the 
middle  frequencies  represent  the  recombination  resistance,  Rvec, 
i.e.,  the  resistance  for  the  direct  transfer  of  electrons  from  the  TiC>2 
conduction  band  to  I3_  at  the  interface  between  Ti02/dye/electro- 
lyte  or  in  the  electrolyte  [42].  Under  dark  conditions,  larger  Rvec 
indicates  a  smaller  charge  recombination  rate.  The  largest  value  of 
Rvec  can  be  noticed  for  the  DSSC  with  Ti02  thickness  of  12  pm;  thus 
in  this  case  the  charge  recombination  is  the  least.  This  is  also 
vindicated  by  the  fact  that  the  optimized  thickness  of  the  TiC>2  film 
for  JD2  dye  is  about  12  pm. 

The  first,  second  and  third  semicircles  correspond  to  the  charge 
transfer  resistances  at  the  counter  electrode  (Rc ti),  at  the  Ti02/dye/ 
electrolyte  interface  ( Rct2 )  and  to  the  Warburg  diffusion  process  of 
I"/I3-  in  the  electrolyte  (ftdiff),  respectively.  The  corresponding 
values  of  Rct 2  are  shown  in  Table  1.  Apparently,  the  Rct 2  increases 
with  increasing  thickness  of  the  Ti02  film  above  12  pm.  The 
performances  of  the  DSSCs  with  thicker  Ti02  films  (thicker  than 
12  pm)  are  thus  reduced  owing  to  their  larger  charge  transfer 
resistances.  The  results  also  confirm  that  the  optimized  thickness  of 
the  TiC>2  film  for  JD2  dye  is  about  12  pm. 

3.2.  Optimization  of  the  soaking  time  for  Ti02  films  in  JD2  dye 

On  the  other  hand,  because  of  different  sizes  of  different  dye 
molecules,  the  soaking  time  of  the  Ti02  film  in  the  dye  solution 


should  be  controlled  to  optimize  the  cell  performance.  The 
photocurrent  density-voltage  curves  of  the  DSSCs  with  Ti02  films 
sensitized  with  JD2  dye  for  3,  6,  12,  24,  and  48  h  are  shown  in 
Figure  SI  in  the  electronic  supplementary  information,  and  the 
corresponding  photovoltaic  parameters  are  given  in  Table  SI ;  the 
behaviors  of  JSc  and  p  of  these  DSSCs  as  a  function  of  the  soaking 
time  are  depicted  in  Fig.  3.  It  can  be  seen  in  Table  SI  that  the  Jsc 
increases  with  increasing  soaking  time  of  the  Ti02  film  in  JD2  dye, 
and  the  highest  value  of  11.35  mA  cm-2  is  attained  for  24  h  of 
soaking;  however,  it  decreases  with  further  increases  in  the  soaking 
time  to  48  h.  The  results  reveal  that  with  the  soaking  time  less  than 
24  h,  the  Ti02  films  are  not  fully  adsorbed  by  the  dye  molecules; 
however,  when  the  soaking  time  is  too  long,  i.e.,  48  h,  the  cell 
performance  decreases,  and  this  decreased  cell  performance  may 
be  due  to  the  desorption  of  the  dye  molecules  from  the  Ti02  film. 
We  have  obtained  the  absorption  spectra  of  the  TiC>2  films  soaked  in 
JD2  dye  for  3,  6, 12, 24,  and  48  h  to  compare  the  relative  amounts  of 
dyes  adsorbed  on  the  films,  as  shown  in  Figure  S2  in  the  supporting 
information.  It  can  be  seen  in  the  figure  that  the  absorption 
increases  with  increasing  soaking  time  of  Ti02  film  in  JD2  dye  until 
24  h,  and  then  drastically  decreases  with  increase  in  the  soaking 
time  from  24  h  to  48  h.  This  observation  reveals  that  24  h  is  the 
optimum  time  for  dye  adsorption  on  TiC>2  films,  and  the  increase  in 
soaking  time  beyond  this  time  causes  a  desorption  of  the  JD2  dye 
from  the  films. 

3.3.  Investigation  of  the  coadsorbate  concentration  in  JD2  dye 

It  is  now  accepted  that  judiciously  designed  coadsorbate 
molecules  can  reduce  the  dark  currents  of  a  DSSC  (under  forward 
bias);  the  coadsorbate  molecules  diminish  the  charge  recombina¬ 
tion  and/or  raise  the  conduction  band  edge  energy  level  of  Ti02 
[43].  Therefore,  in  order  to  further  improve  the  cell  performance, 
the  coadsorbate  DINHOP  was  added  into  the  JD2  dye,  and  its 
concentration  effects  were  investigated  on  the  performance  of 
a  DSSC.  The  coadsorbate  of  DINHOP  was  added  into  the  dye  solution 
with  the  concentration  of  9  wt%  and  16  wt%;  the  dye  solution 
without  any  coadsorbate  was  also  used  as  a  reference.  The  photo¬ 
voltaic  performance  of  the  DSSCs  with  different  concentrations  of 
DINHOP  in  JD2  dye  solution  is  illustrated  in  Fig.  4(a),  and  the  cor¬ 
responding  parameters  are  listed  in  Table  S2.  Clearly,  with  less 
addition  of  DINHOP  (9  wt%)  into  the  JD2  dye  solution,  the  Voc  and  p 
of  the  corresponding  DSSC  are  the  highest,  being  0.69  V  and  5.36%, 
respectively.  DINHOP  has  been  demonstrated  as  an  effective 


Fig.  3.  Behaviors  of  Jsc  and  ri  of  the  DSSCs  with  Ti02  films  sensitized  with  JD2  dye  for  3, 
6, 12,  24,  and  48  h  as  functions  of  the  soaking  time. 
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Fig.  4.  (a)  Photocurrent  density-voltage  characteristics  of  the  DSSCs  with  different 
concentrations  of  the  coadsorbent  (DINHOP)  in  JD2  dye  solution,  measured  at 
100  mW  cm  2  light  intensity;  (b)  Bode  phase  plots  of  the  DSSCs  with  different 
concentrations  of  the  coadsorbent  (DINHOP)  in  JD2  dye  solution,  obtained  at 
100  mW  cm  2  light  intensity  under  open-circuit  voltage. 


coadsorbate  for  reducing  the  dark  current,  due  to  a  retardation  of 
interfacial  recombination  of  photo-generated  charge  carriers  [6]; 
this  is  the  reason  for  the  improved  Voc  with  the  addition  of  DINHOP. 
However,  the  dye  concentration  on  the  Ti02  surface  is  expected  to 
reduce  with  the  increase  in  the  amount  of  DINHOP  in  the  dye 
solution  [43];  this  is  probably  the  reason  for  the  reduced  cell  effi¬ 
ciency  of  5.05%  with  increased  amount  of  DINHOP  in  the  JD2  dye 
solution  (16  wt%).  Fig.  4(b)  shows  Bode  phase  plots  of  the  DSSCs 
with  different  concentrations  of  the  coadsorbent  (DINHOP)  in  JD2 
dye  solution.  The  electron  lifetimes  (ie)  in  the  JD2  dye-sensitized 
Ti02  films  with  the  addition  of  DINHOP  (9  wt%)  and  without  its 
addition  were  determined  from  the  Bode  phase  plots,  as  shown  in 
Fig.  4(b),  using  Eqn.  (1)  as  following, 

Te  =  9 CD 

where  /max  is  the  frequency  value  of  characteristic  low-frequency 
peak  in  the  plot.  A  longer  ze  was  found  for  the  Ti02  film  with  the 
presence  of  DINHOP  in  the  dye  solution,  which  has  smaller  /max 
than  that  of  the  film  without  DINHOP  in  its  dye  solution.  The  result 
is  in  consistency  with  the  higher  Voc  of  the  DSSCs  with  DINHOP 
added  as  the  coadsorbate  into  the  JD2  dye  solution  (Table  S2). 


3.4.  Effects  of  additives  in  the  electrolyte 

It  is  to  be  noticed  here  that  the  composition  of  the  electrolyte 
used  in  the  previous  experiment  is  0.1  M  Lil,  0.6  M  DMPII,  0.05  M  I2 
and  0.5  M  TBP  in  a  mixture  of  ACN/MPN  (volume  ratio  of  1 :1 ).  We 
next  examined  the  effects  of  other  additives  in  the  electrolyte  on 
the  performance  of  a  DSSC.  Fig.  5(a)  shows  photovoltaic  perfor¬ 
mance  of  the  DSSCs  with  0.5  M  of  NMBI  or  GuSCN  or  TBP  as  the 
additive  in  the  electrolyte,  and  the  corresponding  parameters  are 
listed  in  Table  S3;  the  figure  also  shows  the  performance  of  the 
DSSC  without  any  additive  in  its  electrolyte  (0.1  M  Lil,  0.6  M  DMPII 
and  0.05  M  I2).  Improvements  in  the  V0c  values  can  be  noticed  in 
the  case  of  presence  of  any  of  the  additives  in  the  electrolyte,  with 
reference  to  the  Voc  value  of  the  cell  without  any  additive.  The  best 
ri  of  5.36%  was  achieved  for  the  DSSC  with  TBP  as  the  additive  in  the 
electrolyte,  which  also  shows  the  highest  Voc  of  0.69  V.  Moreover, 
the  electron  lifetimes  (ie)  were  determined  in  the  Ti02  films  of  the 
DSSCs  with  and  without  TBP  in  the  electrolyte,  by  a  laser-induced 
photo-voltage  transient  technique;  the  corresponding  curves  are 
shown  in  Fig.  5(b).  The  value  of  ze  could  approximately  be  esti¬ 
mated  by  fitting  a  decay  of  the  open  circuit  voltage  transient  with 
exp  (-t  Ze 1),  where  t  is  the  time  and  ze  is  an  average  time  constant 
before  recombination.  The  values  of  ze  were  found  to  be  0.54  and 


Fig.  5.  (a)  Photovoltaic  performance  of  the  DSSCs  with  0.5  M  of  NMBI  or  GuSCN  or  TBP 
as  the  additive,  and  without  any  additive  in  the  electrolyte,  measured  at  100  mW  cm”2 
light  intensity;  (b)  Transient  photo-voltage  curves  of  the  DSSCs  with  TBP  as  the 
additive  in  the  electrolyte  and  without  any  additive  in  the  electrolyte. 


L.-Y.  Lin  et  al  /  Journal  of  Power  Sources  215  (2012)  122—129 


127 


0.46  ms  for  the  DSSCs  with  and  without  TBP  in  their  electrolytes, 
respectively.  The  higher  value  of  ie  for  the  TiC>2  film  for  the  cell  with 
TBP  is  in  consistency  with  its  higher  value  of  Voc  (Table  S3),  which 
can  be  attributed  to  the  back  electron  transfer  suppression  at  the 
Ti02-electrolyte  interface  and  to  the  shift  of  the  potential  of 
conduction  band  edge  of  Ti02  to  a  negative  level  [44]. 

3.5.  Effects  of  concentration  ratios  of  Lit  to  l, 2 -dime thy  1-3- 
propylimidazolium  iodide  in  the  electrolyte 

It  was  demonstrated  that  cations  with  large  sizes  tend  to  cause 
a  high  reductive  activity  of  P  and  a  low  diffusion  coefficient  of  I3~ 
[45].  Therefore,  the  effects  of  concentration  ratios  of  Lil  to  DMPII  in 
the  electrolyte  were  investigated  on  the  photovoltaic  performance 
of  a  DSSC;  the  concentration  of  P  was  fixed  to  be  0.7  M  in  all  these 
cases.  The  photovoltaic  parameters  of  the  DSSCs  with  different 
concentration  ratios  of  Lil  to  DMPII  in  their  electrolytes  are  listed  in 
Table  2,  and  the  corresponding  photocurrent  density-voltage 
curves  are  shown  in  Figure  S2.  The  concentrations  of  Lil  and 
DMPII  in  the  electrolytes  were:  0.6  M  Lil  +  0.1  M  DMPII  and  0.1  M 
Lil  +  0.6  M  DMPII.  Two  electrolytes  with  only  Lil  or  DMPII  were  also 
investigated.  All  the  electrolytes  contained  the  common  composi¬ 
tion  of  0.05  M  I2  and  0.5  M  TBP  in  a  mixture  of  ACN/MPN  (volume 
ratio  of  1:1).  As  shown  in  Figure  S2  and  Table  2,  the  V0c  of  a  cell 
increases  with  the  increase  of  concentration  of  DMPII.  The  cell  with 
only  DMPII,  i.e.,  without  any  Lil  shows  the  highest  value  of  0.80  V; 
however,  the  cell  efficiency  is  not  the  highest  in  this  case,  because 
of  its  lowest  Jsc  (8.00  mA  cm-2),  which  was  probably  caused  by 
a  slow  diffusion  of  DMPII  ions  in  the  electrolyte  due  to  their  large 
cation  size.  The  large  size  of  DMPII  results  in  a  low  mass  transfer 
rate  of  DMPI+  ions  in  the  electrolyte,  which  in  turn  causes  a  small 
Jsc  for  its  cell  [46,47].  On  the  other  hand,  higher  Jsc  is  observed  with 
higher  concentration  of  Lil,  which  is  apparently  due  to  faster 
diffusion  of  Li+  ions  in  the  electrolyte,  which  in  turn  is  due  to  its 
small  size;  however,  the  Voc  decreases  with  increase  in  the 
concentration  of  Li+,  because  the  potential  ofTi02  conduction  band 
shifts  positively  due  to  the  positive  charge  of  Li+  ions  adsorbing  on 
the  Ti02  surface  [48,49].  As  a  result,  even  with  the  highest  value  of 
Jsc  (12.13  mA  cm-2),  the  cell  with  0.7  M  of  Lil  in  its  electrolyte  shows 
the  least  77  value  of  4.85%,  because  of  its  least  value  of  Voc  (0.60  V). 
The  DSSC  with  0.1  M  Lil  and  0.6  M  DMPII  in  its  electrolyte  shows  the 
best  performance,  with  Voc  of  0.69  V,  Jsc  of  10.81  mA  cm-2,  FF  of 
0.72,  and  77  of  5.36%. 

3.6.  Effect  of  iodide  concentration  in  the  electrolyte 

It  is  well  known  that  I2  exists  in  the  electrolyte  with  I-  ions  in 
the  form  of  polyiodides  such  as  I3-  or  I5-  [50,51].  An  efficient 
transport  of  I-  ions  in  the  electrolyte  is  necessary  for  good  perfor¬ 
mance  of  a  DSSC,  because  the  oxidized  dye  should  be  regenerated 
by  I-  ion  efficiently  after  the  electrons  from  the  excited  state  of  the 
dye  are  injected  into  the  conduction  band  of  TiC>2  under  illumina¬ 
tion.  An  efficient  transport  of  I3-  ions  in  the  electrolyte  is  also 

Table  2 

Photovoltaic  parameters  of  the  DSSCs  with  different  concentrations  of  Lil  and  DMPII 
in  their  electrolytes,  measured  at  100  mW  cm  2  light  intensity;  the  table  also  shows 
the  parameters  of  the  cells  with  only  Lil  or  DMPII;  the  concentration  of  r  in  the 
electrolytes  was  fixed  to  be  0.7  M  in  all  these  cases. 


Concentration  of  Lil  and  DMPII 

Voc/V 

JsdmA  cm  2 

FF 

7](%) 

0.7  M  Lil 

0.60 

12.13 

0.67 

4.85 

0.6  M  Lil  +  0.1  M  DMPII 

0.68 

11.62 

0.71 

5.05 

0.1  M  Lil  +  0.6  M  DMPII 

0.69 

10.81 

0.72 

5.36 

0.7  M  DMPII 

0.80 

8.00 

0.75 

3.79 

equally  important,  because  in  absence  of  such  a  transport,  and 
thereby  in  absence  of  an  efficient  transfer  of  electrons  from  the  CE 
to  I3-  ions,  the  electrons  accumulated  at  the  CE  through  the 
external  circuit  would  lead  to  a  concentration  overpotential  at  the 
CE  and  thereby  a  loss  of  energy  for  the  DSSC.  At  the  same  time,  an 
increasing  content  of  I2  or  I3-  leads  to  enhanced  light  absorption  by 
the  electrolyte  even  in  the  visible  range  [52].  In  addition,  excessive 
I2  would  increase  the  dark  reduction  current  [53].  Therefore,  it  is 
important  to  optimize  the  concentration  of  I2  in  the  electrolyte. 
Fig.  6  illustrates  the  photocurrent  density-voltage  curves  of  the 
DSSCs  with  0.1  M  Lil,  0.6  M  DMPII,  0.5  M  TBP  and  different 
concentrations  of  I2  in  the  electrolytes,  measured  at  100  mW  cm-2 
light  intensity  and  in  the  dark;  the  corresponding  photovoltaic 
parameters  are  presented  in  Table  3.  The  table  also  shows  the  ionic 
conductivities  of  the  corresponding  electrolytes.  A  higher  cell  effi¬ 
ciency  of  6.31%  is  obtained  for  the  DSSC  with  0.03  M  I2  in  the 
electrolyte,  compared  to  that  of  the  cell  with  0.05  M  I2  in  the 
electrolyte  (5.36%).  Obviously,  the  Jsc  is  highest  at  the  I2  concen¬ 
tration  of  0.03  M,  and  decreases  with  further  increase  in  the 
concentration  of  I2;  the  77  shows  the  same  tendency  as  well.  It  was 
reported  that  the  dark  current  density  or  the  recombination  reac¬ 
tion  rate  increases  with  increasing  concentration  of  I2  [53,54];  the 
values  of  Voc  in  Table  3  are  in  consistency  with  this  report.  Ionic 
conductivities  (os)  of  the  electrolytes  with  0.1  M  Lil,  0.6  M  DMPII, 
0.5  M  TBP  and  different  concentrations  of  I2  were  calculated  by 
using  Eqn.  (2)  as  following, 


The  ohmic  serial  resistances  ( Rs )  of  the  electrolytes,  along  with  that 
of  a  standard  solution  of  NaCl  (with  a  known  conductivity  of 
12.9  mS  cm-1,  Model  011,006,  Thermo  Orion)  were  experimentally 
measured  from  Nyquist  plots  (Pt/electrolyte/Pt);  obtaining  first  the 
value  of  ds/As  from  the  known  as  and  Rs  values  of  NaCl,  the 
conductivities  of  other  electrolytes  were  calculated  using  their 
measured  Rs  values.  It  is  clear  in  the  table  that  the  ionic  conduc¬ 
tivity  increases  with  increasing  concentration  of  I2;  this  increased 
ionic  conductivity  has  probably  increased  the  Jsc  at  the  initial  stage 
of  increase  of  concentration  of  I2  (from  0.02  M  to  0.03  M);  further 
increase  in  the  concentration  of  I2  is  associated  not  only  with  the 
increase  in  conductivity,  but  also  with  an  increase  in  the  light 


Photo-voltage  /  V 


Fig.  6.  Photocurrent  density-voltage  characteristics  of  the  DSSCs  with  0.1  M  Lil,  0.6  M 
DMPII,  0.5  M  TBP  and  different  concentrations  of  I2,  measured  at  100  mW  cm"2  light 
intensity  and  in  the  dark. 
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Table  3 

Photovoltaic  parameters  of  the  DSSCs  with  0.1  M  Lil,  0.6  M  DMPII,  0.5  M  TBP  and 
different  concentrations  of  I2,  measured  at  100  mW  cur2  light  intensity.  The  ionic 
conductivities  of  corresponding  electrolytes  are  also  listed  in  the  table. 


Concentration  of  I2/M 

Voc/V 

JsdmA  cm  2 

FF 

77(%) 

as/mS  cm  1 

0.02 

0.68 

9.25 

0.65 

4.11 

10.14 

0.03 

0.71 

13.00 

0.69 

6.31 

10.32 

0.04 

0.69 

11.19 

0.71 

5.51 

10.45 

0.05 

0.69 

10.81 

0.72 

5.36 

10.60 

0.06 

0.68 

8.30 

0.71 

5.07 

11.43 

absorption  by  the  electrolyte.  The  detrimental  effect  of  light 
absorption  by  the  electrolyte  has  possibly  nullified  the  beneficial 
effect  of  increase  in  conductivity  of  the  electrolyte  at  higher 
concentrations  of  I2,  and  this  may  be  the  reason  that  the  Jsc  has 
rather  decreased  with  the  increase  in  the  concentration  of  I2 
beyond  the  limit  of  0.03  M.  Increased  concentration  of  I2  leads  to 
increased  concentration  of  I3~  ions,  and  thereby  to  increased 
availability  of  I3~  ions  for  recombination,  i.e.,  to  a  decrease  in  l/oc 
and  Jsc*  this  may  be  another  reason  for  the  decreases  in  JSc,  in  spite 
of  increases  in  conductivity  at  higher  concentrations  of  I2. 

3.7.  Performances  of  the  dye-sensitized  solar  cells  with  JD2  and 
D149  dye 

The  optimized  performance  of  the  DSSC  with  JD2  dye  was 
achieved  with  12  pm  of  Ti02  film,  24  h  of  soaking  in  JD2  dye 
solution,  DINHOP  as  the  coadsorbate  with  the  concentration  of  9  wt 
%  in  JD2  dye,  and  with  0.1  M  Lil,  0.6  M  DMPII,  0.03  M  I2,  and  0.5  M 
TBP  in  a  mixture  of  ACN/MPN  (volume  ratio  of  1:1)  as  the  elec¬ 
trolyte.  A  highly  light-absorbing  indolene-based  dye,  termed  D149 
[55]  was  also  used,  at  the  same  conditions  as  those  of  JD2  dye,  and 
the  photovoltaic  parameters  were  recorded  to  make  a  comparative 
study  between  the  performances  of  the  DSSCs  with  these  two  dyes. 
Fig.  7(a)  shows  the  photocurrent  density-voltage  curves  of  the 


DSSCs  with  JD2  and  D149  dyes,  measured  at  100  mW  cm-2  light 
intensity,  and  Table  4  gives  the  corresponding  photovoltaic 
parameters.  A  cell  efficiency  of  6.31%  is  achieved  for  the  DSSC  with 
our  synthesized  JD2  dye,  which  is  one  of  the  best  efficiencies  of 
DSSCs  sensitized  with  organic  dyes;  as  a  comparison,  the  cell  with 
the  organic  dye  D149  shows  an  efficiency  of  7.01%.  Fig.  7(b)  shows 
the  EIS  spectra  of  the  DSSCs  with  JD2  and  D149  dyes,  and  the  cor¬ 
responding  values  of  Rct 2  are  also  listed  in  Table  4.  From  Fig.  7(b),  it 
is  clear  that  the  charge  transfer  resistance  of  the  DSSC  with  JD2  dye 
is  larger  than  that  with  D149  dye;  the  difference,  however,  is  small. 
Also,  the  IPCE  behavior  of  the  DSSCs  was  investigated,  and  the 
spectra  are  shown  in  Fig.  7(c).  It  can  be  seen  in  Fig.  7(c)  that  the  JD2 
dye  mainly  absorbs  the  sunlight  in  the  wavelength  range  lower 
than  500  nm,  and  the  IPCE  values  in  this  range  are  much  higher  for 
the  cell  with  this  dye  than  those  of  the  cell  with  D149  dye;  however, 
above  this  wavelength  limit  (500  nm)  the  cell  with  D149  dye  shows 
higher  IPCE  values  than  those  of  the  cell  with  JD2  dye.  Absorption 
spectra  of  the  dyes  JD2  and  D149  are  shown  in  Figure  S3.  The  JD2 
dye  absorbs  the  light  mainly  in  the  shorter  wavelength  region, 
while  the  D149  dye  absorbs  it  in  the  longer  wavelength  region.  The 
D149  dye  shows  absorption  in  a  broader  range  of  wavelength  than 
that  for  JD2  dye,  resulting  in  a  higher  Jsc  for  the  cell  with  D149  dye. 
The  IPCE  curves  also  clearly  show  that  the  integrated  area  under  the 
curve  of  D149  dye  is  much  higher  than  that  under  the  curve  ofJD2 
dye.  In  other  words,  the  photon-to-current  conversion  efficiency  is 
higher  in  the  case  of  D149  dye.  Furthermore,  transient 
photo-voltage  curves  of  the  DSSCs  with  JD2  and  D149  dye  are 
shown  in  Fig.  7(d).  The  electron  lifetimes  could  approximately  be 
estimated  by  fitting  a  decay  of  the  open-circuit  voltage  transient 
with  exp  (-t  t^1),  where  t  is  the  time  and  ze  is  an  average  time 
constant  before  recombination.  The  values  of  ze  were  found  to  be 
0.61  and  0.29  ms  for  the  photoanodes  sensitized  with  JD2  and  D149 
dyes,  respectively.  The  higher  value  of  ze  for  the  DSSC  with  JD2  dye 
is  in  consistency  with  the  higher  Vqc  of  the  cell  (Table  4). 


Fig.  7.  (a)  Photocurrent  density-voltage  curves  and  (b)  EIS  spectra  of  the  DSSCs  with  JD2  and  D149  dyes,  measured  at  100  mW  cm  2  light  intensity;  (c)  IPCE  spectra  and  (d) 
Transient  photo-voltage  curves  of  the  DSSCs  with  JD2  and  D149  dyes. 
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Table  4 

Photovoltaic  parameters  of  the  DSSCs  with  JD2  and  D149  dyes,  measured  at 
100  mW  cur2  light  intensity.  The  table  also  shows  the  corresponding  values  of 
charge  transfer  resistance,  Rct2. 


Dye 

Vo  c/V 

Jsc/mA  cm  2 

FF 

7](%) 

Rct2/Q 

JD2 

0.71 

13.00 

0.69 

6.31 

18.86 

D149 

0.63 

16.94 

0.66 

7.01 

15.60 

4.  Conclusions 

A  dye-sensitized  solar  cell  (DSSC)  was  fabricated  with  a  novel 
2,7-diaminofluorene-based  organic  dye  (JD2).  The  cell  shows  the 
highest  light-to-power  conversion  efficiency  (rj)  when  the  thick¬ 
ness  of  its  Ti02  film  is  12  pm,  the  concentration  ratio  between  Lil 
and  l,2-dimethyl-3-propylimidazolium  iodide  (DMPII)  is  1:6,  the 
concentration  of  I2  is  0.03  M,  the  dye  (JD2)  soaking  time  is  24  h,  and 
when  the  concentration  of  the  coadsorbate  bis-(3,3-dimethyl- 
butyl)-phosphinic  acid  (DINHOP)  is  9  wt%.  Among  N-methyl- 
benzimidazole  (NMBI),  guanidinium  thiocyanate  (GuSCN),  and  4- 
tert-butylpyridine  (TBP)  in  the  electrolyte  of  a  DSSC,  the  last  one 
rendered  the  best  77  for  the  cell.  The  optimized  DSSC  showed  rj  of 
6.31%,  which  is  competitive  to  that  of  the  cell  with  D149  dye 
(7.01%).  The  IPCE  values  of  the  DSSC  with  JD2  dye  are  much  higher 
than  those  of  the  cell  with  D149  dye  in  the  wavelength  range  below 
500  nm;  however,  above  this  wavelength  limit  (500  nm)  the  cell 
with  D149  dye  shows  higher  IPCE  values  than  those  of  the  cell  with 
JD2  dye.  The  JD2  dye  absorbs  the  light  mainly  in  the  shorter 
wavelength  region,  while  the  D149  dye  absorbs  it  in  the  longer 
wavelength  region.  The  higher  value  of  ze  of  the  DSSC  with  JD2  dye 
(0.69  ms)  than  that  of  the  DSSC  with  D149  dye  (0.61  ms)  is  in 
consistency  with  its  higher  value  of  Voc  (0.71  V). 
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